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Outline

The beginnings
From atoms (V century B.C.) to quarks;
atoms, void and geometry
The successes
Symmetry; QCD as the gauge theory of strong interactions;
asymptotic freedom; hard processes; strong color fields

The challenges
Confinement; chiral symmetry breaking; extreme QCD:
temperature, density, energy; the spin; void and geometry

The mission for the next decade
From particles to fields: collective phenomena
as the essence of QCD; the measurements
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Everything consists of
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Everything consists of

Atoms and Void

“Atoms”’, Void,
ca 2010 A.D. ca 2010 A.D.
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Atoms and Geometry, 1V B.C.
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Plato, 428-348 B.C.
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Atoms and Geometry, 2010 A.D.
(Geometry) «——>( Physics)

Riemannian connection < » Gauge field
Curvature tensor » Field strength tensor
| il | 1
\\ / ‘

Mobbius strip, the simplest nontrivial example of a fiber bundle

Gauge theories “live” in a fiber bundle space that
possesses non-trivial topology (knots, links, twists,...)




The metaphor of the cave, 380 B.C.

“Physical objects and physical events are
only "shadows" of their ideal or perfect forms,
and exist only to the extent that they
instantiate the perfect versions of themselves”
Socrates

LVX VE ERVNT HOMINES MAGIS TENEBI
- AN TRVM ! PLATONICZHM.

in Plato’s “Republic”

M LV CEM: I
e

469 - 399 B.C.

“The prisoners would take tﬁe shad;di/vs to be real things and the echoes to be real
sounds, not just reflections of reality, since they are all they had ever seen or heard.”




The metaphor of the cave, 2010 A.D.

5-Dimensional Confinement
Anti-de Sitter / Radius

Black hole

Spacetime

AdS

v (x, 2) Boundary

ERVNT HOMINES MAGIS TENEBRAS (
S=f
J /U."-fi PLATONICEM.

4-Dimensional
Flat Spacetime
(hologram)

D o et at illle L) Honr: Heskis exendls

he prlsoﬁers WOuId\:té"ke' the Shadows to be real things and the echoes to be real
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The successes

QCD = quarks + geometry
1 a a ~a( a
E — _ZG'[U/G'LU/ + Z Qf(?”y,UJD.UJ o mf)qf’
!

£ . aya
D, =0,—1igA Lt

Elegant, consistent, and correct theory




Asymptotic Freedom:
“atoms” revealed

At short distances,

the strong force becomes weak
(anti-screening) -

one can access the “asymptotically
| free” regime 1n hard processes

0.5 ‘
a(Q ||

04\

“_»«_““«_ Theo.
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Deep Inelastic Sc ;
e*e Annihilation :
Hadron Collision

eavy Quarkoniz

Heavy Quarkoni

03t I\
02}

0.1}

7| and in super-dense matter

: teweevi ™ (inter-particle distances ~ 1/T)
(Q) ~ A — number
e — bIn(Q?/A?) of colors of lavors

L /
b= (11N, — 2Nf)/3
But: Strong confining interaction at large distances




Asymptotic Freedom
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Where do we stand?

) “Atoms”

[ Geometry
] Void
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Where do we stand?
(2010 A.D.)

M “Atoms” identified: quarks and leptons
] Geometry (gauge field dynamics)
[ Void (the structure of the vacuum)

The next step:
from particles (“atoms”) to fields (geometry)
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QCD: understanding the dynamics
of gauge fields (geometry)

Problem Measurements at RHIC
] Weak/vacuum fields <> [] Spin, parton fragmentation
[ Strong static fields <« [J Small x distributions in nuclei
] Real-time dynamics <> [J EM probes, jets, heavy quarks
] Gauge fields with boundary <> [] Bulk behavior, soft photons
conditions/ event horizons and dileptons

[J Low-energy effective Theory <> [[] Transport properties: shear
of Everything: hydrodynamics and bulk viscosities, vorticity

[ Topology of gauge fields <> [ Local parity violation, spin

14




Asymptotic freedom and
strong color fields

B

The effective potential: sum over 2D Landau levels

OO

Vot (H) = 47r2/dpz 0 i S V29H(n+1/2—s.) +p?
n=0 s,==+1

v -
Paramagnetic response of the vacuum: = /

1 b gH 1\ ‘S
ReVoen(H) = 5 H* + (9 H) 3575 (ln a —5) N,/ "

1. The lowest level n=0 of radius~ (9H )"~ 1/215 unstable!

Instability of perturbative

QCD vacuum;
What is the true ground state?

2. Strong fields <= Short distances




QCD and the classical gauge fields

Classical dynamics applies when the action S = / d'z L(z)is large
in units of the Planck constant (Bohr-Sommerfeld quantization)

Sgcp 1 4 y
7 ~ g2—h d*x tr G# (ZE)G“V(.’L') > 1

(equivalent to setting i — 0 )

=> Need weak coupling and strong fields - gelilk
2 c
| A® < 5—2
D,=0, - igAZta' strong

2 field
e Bl
g2

(Weak coupling 7 perturbation theory !)




The origin of classical background field

‘Measurements:
suppression of hard processes at forward y;
_depletion of back-to-back (quantum) correlations

_J
I — |Y
| - state treld sources —
> ' | — |y
2| —
S| | @ 0
i 3
— -
B i T<Em2 - "'"Atlo time

Gluons with large rapidity and large occupation number
act as a background field for the production of slower gluons
“Color Glass Condensate” 17




Measuring the strength of
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FIG. 40: (Color online) Comparison of Langevin-based mod-
els from [74-76] to the heavy flavor electron Raua. for 0-10%

centrality and vz for minimum-bias collisions.

evolving color fields

About the same
behavior of heavy
and light quarks -
the color field

1S very strong,

F""mcz

may be weakly
coupled but

not perturbative
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Measuring the strength of

PHENIX Coll., color fields

arXiv:1005.1627

=

0.7 0.8 09 1 11 12 13 14
u quark

FIG. 46: (Color online) x* map as a function of the light
quark v2 (horizontal axis) and charm quark vz (vertical axis),
each divided by the measured light quark vs.

About the same
behavior of heavy
and light quarks -

the color field
1S very strong,

F ~ m(;2
may be weakly

coupled but
not perturbative

r )
To calibrate

19
_b from ¢

~\

the field strength,
must separate




Jets and leading hadrons:

measuring the strength ot color fields

- PHENIX Preliminary

- 0-20%
¢ 1°0-10%,(z) = 0.7 (PRL 101, 162301)
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QCD at high temperatures:
gauge fields with boundary conditions

51 —  Phase transitions:
pT* Pee/T*
4 B —t
deconfinement
3 n
5| 773 flavour Chiral symmetry
+1 flavour e—— .| .
2 flavour restoration
.l pure gauge
o _ TMeVI | U, (1) restoration

100 200 300 400 500 600
Data from lattice QCD simulations F. Karsch et al

Is T~200 MeV “hot” or “cold”? The answer depends
on the strength of interactions and gauge field dynamics




QCD at high temperatures:
gauge fields with boundary conditions

5 i ! ! I I el

Phase transitions:

p/T4 F’se/T4
4 |
deconfinement
3 n
5| 73 flavour Chiral symmetry
2+1 flavour s———— _; ;
2 flavour restoration
1 i pure gauge
0 _ T [MeV] U (1) restoration

100 200 300 400 500 600
Data from lattice QCD simulations F. Karsch et al

By convention hot, by convention cold,

but in reality atoms and void,;

and also in reality we know nothing, since the truth is at bottom.
Democritus




Low-energy effective ToE: hydrodynamics

Flat Spacetime
(hologram)

Caveman’s view:
BB Shear viscosity

B Bulk viscosity

B Rate of topological
¥ transitions

Holographic view:
Particle contents of
supergravity:

gravitons, dilatons,
axions

AdSs “Reality™:
Graviton propagation

Dilaton propagation

AXxion propagation




Topology of gauge fields
(Geometry) «——>( Physics)

Riemannian connection < » Gauge field
Curvature tensor » Field strength tensor
| il | 1
\\ / ‘

Mobbius strip, the simplest nontrivial example of a fiber bundle

Gauge theories “live” in a fiber bundle space that
possesses non-trivial topology (knots, links, twists,...)




Topology of gauge fields:

Chern-Simons forms
CHARACTERISTIC FORMS

: {013 AN 013 N 023 + 012 AN Qiz 5 5 013 AN Qm T 023 AN Qza} .

2(0) = —=
What does it mean for a gauge theory?
(Geometry) «—>( Physics)
Riemannian connection < » Gauge field
Curvature tensor < » Field strength tensor
k 3,. _ijk 2
Scg = — d’x € AZFJ,ZC + —Ai[Aj,Ak]
ST M 3

Abelian non-Abelian

b k P .t ° L]
@breaks Parity invariance (magnetic helicity)




Topology at strong coupling: holographic view

Chern-Simons number

. ) ( 2 \')2 D.Son,
diffusion rate r— \9YMY) 4 A Suarinets
at strong coupling 25673 hep-th/

020505

5-Dimensional Confinement
Anti-de Sitter / Radius

Black hole

Spacetime

AdS
Boundary

4-Dimensional
Flat Spacetime
(hologram)

NB: This calculation 1s
completely analogous
to the calculation of
shear viscosity:
“perfect liquid”
contains strong
topological
fluctuations




Topology at strong coupling: holographic view

D-instanton as

an Einstein-Rosen
wormbhole;

the flow of RR charge
down the throat of

the wormhole describes
change of chirality

G. W. Gibbons, M. B. Green and M. J. Perry, Phys. Lett. B 370, 37
(1996) [arXiv:hep-th/9511080].

D-instantons as a source of multiparticle production in N=4 SYM?
DK, E.Levin, arXiv:0910.3355
33




Is there a way to observe topological charge
fluctuations in experiment?

o Initial spatial anisotropy
Relativistic 1ons create sy

Z

Reaction
plane

(‘Fr)

a strong magnetic field: - N‘i

Final momentum anisotropy

t Py
|

X (defines ¥g) @ > Py




Heavy 10n collisions as a source of the strongest
magnetic fields available 1n the Laboratory

10° ¢
| In a conducting

plasma, Faraday

induction can make

the field long-lived:

K.Tuchin, arXiv:1006.3051

104 |

108 |

eB (MeV?)

102
Vorticity! Develop
MHD of QCD fluid

10t |

DK, McLerran, Warringa,
Nucl Phys A803(2008)227

10°

Fig. A.2. Magnetic field at the center of a gold-gold collision, for different impact
parameters. Here the center of mass energy is 200 GeV per nucleon pair (Y; = 5.4).




The Chiral Magnetic E;

ﬁ-E):p—l—cP-é

P=V0

r ™
0 eB - S

LT (1) (59)

W ’

_|_60 _eB

T 27




Holographic CME:
1s the current renormalized at strong coupling?

u/T=0.1

(g

o J =0xB  Recent progress:

VAN V.Rubakov, arXiv:1005.1888;

\ A. Gynther, K. Landsteiner, F. Pena-
Benitez, A. Rebhan,

e arXiv:1005.2587

CME current is the same at
| strong and weak coupling

osf |\

H.-U. Yee, arXiv:0908.4189,

JHEP 0911:085, 2009 What carries the current
at strong coupling?




CME 1n the chirally broken phase

Momentum Momentum
Spin * Spin
Left Right
Z Z
|'/ - (_—
l"\____- o
.'/ h i

G. Basar, G. Dunne, DK, arXiv: 1003.3464; PRL




“Quark-gluon
solenoid”,
Physics,

June 18,2010




Charge asymmetry w.r.t. reaction plane
as a signature of local strong P violation

excess of positive
— |charge

Reaction

excess of negative
charge

X (defines ¥y)

Electric dipole moment of QCD matter!
DK, Phys Lett.B633(2006)260 [hep-ph/0406125]




Observable

I

i EI-IR
S.A. Voloshin, Phys. Rev, C 70 (2004) 057901

Effective particle distribution
for a certain Q.

( ] 1\2 ¥

) X 14 20y o cos(AP) + 2v3 o cos(2A¢) + ...
do

+ 2ay 4 8in(Ad) + 2ag o sin(240) + ...,
Ap = (¢ — Upp)

*The effect is too small to observe in a single event
*The sign of Q variesand (a)= 0 (we consider

only the leading, first harmonic) =» one has to
measure correlations, (aa a,), P -even quantity (1)

Y
o

wi
f————— <

= {a, ap) is expected to be ~ 104
= {a,ap) can notbe measured as {sin g, sin g;)
due to large contribution from effects not

related to the orientation of the reaction plane

(cos(Pq + Qg — 2Wpp)) =
(cos A, cos Aoz) — (sin Ao, sin Aog)
— [':"l.n"l..i: + R”‘t - [-:a,,(mi - B‘“‘tj.

=» study the difference in corr’s in- and out-of-plane

B Bout, .=

A practical approach: three particle correlations: | (cos(o, + 03 — 20,.)) = (cos(o, + 05 — 2Upp)) s,

page 3 P- and CP-odd. effecty inhot and dense maller, BNL, Apri 26-30 2010 SA. Voloshn

WYNE STATE
UNNVERSITY




<COS(§1+¢-2Pgp)>

S.Esumi et al

om_ PHENIX preliminary
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[PHENIX Coll]
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April 26-30, 2010

Relatively good agreement between PHENIX & STAR




Multi-particle correlation Results

. Data 0-5% 0.4<pT<0.7
* unreflected © reflected
Fast Sim (with decay) P
... a1=0.04 K
— al1=0.033
a1=0.02

1.01

1— ................................
i . @ .
. PHENIX Preliminary™* ~..--3"
1 M M N 1 | N N N N 1 N 2 M 4 | N 1 N N 1
0.99574 05 0 0.5 1
AS

Concave shape validates charge
asymmetry w.r.t the reaction plane

N. Ajitanand [PHENIX Coll], Talk @ BNL, Dec 2009




Are the observed fluctuations of charge asymmetries
a convincing evidence for the local parity violation?

A number of open questions that still have to be clarified:

in-plane vs out-of-plane, A. Bzdak, V. Koch, J. Liao,
new observables? arXiv:0912.5050; 1005.5380
physics “backgrounds” M. Asakawa, A. Majumder, B. Muller,

arXiv:1003.2436

S. Pratt and S. Schlichting, arXiv:1005.5341
F. Wang, arXiv: 0911.1482

Fortunately, a number of analytical and numerical (lattice)
tools are available to theorists,

and the new data (low energy, PID asymmetries, U-U)
will hopefully come - this question can be answered! 38




Topology of gauge fields, LPV, and
the fragmentation of polarized quarks

P-odd:
2 2 (] X PL) " Sq ~ oP1l S
Dyjq1(2,p1) = D(2,p1) + Hi (2,p1)—— 1) f o Hi (2,0




Z.. Kang, DK, arXiv:1006.2132

Data and tests (Belle, RHIC) forthcoming:

M.Grosse-Perdekamp, A. Vossen,
A. Deshpande, ...

) = 0 Z eg {(1 + cos? 6) [Dq(zl)Da(ZQ)—ﬁq(zl )56(32)]

Cross section 1n e+e- annihilation:

do

dzydzod cos 0d(py + ¢o “Collins

+ sin® 6 cos(p1 + ¢2) [Hj-(21)HéL(Z2)+ﬁ6L (Zl)ﬁq'—L(Zg)]effeCt”
+sin? Osin(n + ¢2) [ Hy (21) Hy (22) — H (21)HF ()] } P-00d,

only

= Physical pictures: EbyE

» P-odd times P-odd terms:

4—‘—6 d D D, gl Vil
D Dz OR H(z1)H=(z
anti-quark  quark . a(21)Da(22) ¢ (21)Hz (22)

= P-odd term alone:

—&— > 1))
< q—‘—» (1) HE (22)
40
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Summary

The next decade presents us with
a unique chance to pursue the centuries-old
quest for understanding the structure of matter

[ “Atoms” identified: quarks and leptons
] Geometry (gauge field dynamics)
[ Void (the structure of the vacuum)

The next step:
from particles (“atoms”) to fields (geometry)




QCD: understanding the dynamics
of gauge fields (geometry)

Problem Measurements at RHIC
] Weak/vacuum fields <> [] Spin, parton fragmentation
[ Strong static fields <« [J Small x distributions in nuclei
] Real-time dynamics <> [J EM probes, jets, heavy quarks
] Gauge fields with boundary <> [] Bulk behavior, soft photons
conditions/ event horizons and dileptons

[J Low-energy effective Theory <> [[] Transport properties: shear
of Everything: hydrodynamics and bulk viscosities, vorticity

[ Topology of gauge fields <> [ Local parity violation, spin

42




Extra slides
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Atomism vs
corpuscularianism:
are quarks and leptons

the ultimate indivisible
““atoms’’of Nature?

Robert Boyle (1627-1691)

&

Page from alchemic treatise of
Ramon Llull, 16th century

Democritus, ca 460 -370 B.C.




Static strong color fields:
nuclear gluon distributions at small x

PA
— R CGC at y=0
The ratio toy / at}
1,75
of pA and
pp Cross Ledl
sections L. 25¢
1.
0,75}
Y/ ALt L LT Y
0,25}
...... P transverse
] 2 3 A 5
. momentum
\"/ er}r lllgll ellerg}Y k/ QS DK, Levin, McLerran;

Albacete , Armesto,Kovner,

At large rapidity y (small angle) expect Wiedermann; DK Kovehegov.
suppression of hard particles!

Tuchin




Are the effects observed at forward rapidity
due to parton saturation in the CGC?

eBack-to-back correlations for
jets separated by several units .
of rapidity are very sensitive to A n N

the evolution effects | |

(“Mueller-Navelet jets”)
and to the presence of CGC -

Ay

Forward measurements at RHIC:
Do back-to-back correlations really disappear?

46




Topology in the Early Universe?

Stars and galaxies that can be observed today were .
born as a result of the evolution of the universe. Present time
(13.7 billion years

since the Big Bang)

»

Universe
: Clear Up
74/ WMAP
observation

(300,000 years
since the Big Bang)

aw pasde|3

3 Big Bang

Phase
transition
completed

Inflation
period

\

10—36seconds

The universe began Created from “nothing”

in an endless state

y
X

T.Hatsuda




What 1s the origin of
cosmic magnetic helicity?

Magnetic fields are abundant
in the Universe at large scales:

3 uG field in Milky Way;

1-40 uG fields in

clusters of galaxies

Is the entire Universe chiral?
e.g. M.Longo, arXiv:0812.3437;

thanks to J.Bjorken

Magnetic field in M51:
Polarization of emission
Beck 2000




Chiral magnetic spiral in the Early Universe?

Atfleck-Dine baryogenesis

Imo

Reo
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